[1] The influence of anthropogenic emissions on aerosol distributions and the hydrological cycle are examined with a focus on monsoon precipitation over the Indian subcontinent, during January 2001 to December 2005, using the European Centre for Medium-Range Weather Forecasts-Hamburg (ECHAM5.5) general circulation model extended by the Hamburg Aerosol Module (HAM). The seasonal variability of aerosol optical depth (AOD) retrieved from the MODerate Resolution Imaging Spectroradiometer (MODIS) on board the Terra and Aqua satellite is broadly well simulated (R % 0.6-0.85) by the model. The spatial distribution and seasonal cycle of the precipitation observed over the Indian region are reasonably well simulated (R % 0.5 to 0.8) by the model, while in terms of absolute magnitude, the model underestimates precipitation, in particular in the south-west (SW) monsoon season. The model simulates significant anthropogenic aerosol-induced changes in clear-sky net surface solar radiation (dimming greater than À7 W m À2 ), which agrees well with the observed trends over the Indian region. A statistically significant decreasing precipitation trend is simulated only for the SW monsoon season over the central-north Indian region, which is consistent with the observed seasonal trend over the Indian region. In the model, this decrease results from a reduction in convective precipitation, where there is an increase in stratiform cloud droplet number concentration (CDNC) and solar dimming that resulted from increased stability and reduced evaporation. Similarities in spatial patterns suggest that surface cooling, mainly by the aerosol indirect effect, is responsible for this reduction in convective activity. When changes in large-scale dynamics are allowed by slightly disturbing the initial state of the atmosphere, aerosol absorption in addition leads to a further stabilization of the lower troposphere, further reducing convective precipitation.
Introduction
[2] Atmospheric aerosols play a significant role in the global and regional climate system by influencing the energy balance of the atmosphere and the Earth's surface, thus modulating the hydrological cycle [Ramanathan et al., 2005] . The large spatiotemporal variation not only of their atmospheric concentrations, but also of their physical and chemical properties makes the climatic effects of aerosols highly uncertain [Forster et al., 2007] . The indirect effects of atmospheric aerosols (i.e., through modification of cloud properties and precipitation processes) are one of the least understood forcings of climate change [Forster et al., 2007] . Recent studies suggest that aerosols may be effective agents for inducing changes in monsoon precipitation [Ramanathan et al., 2005; Lau et al., 2006] . However, different mechanisms are discussed and even the sign of precipitation changes induced by anthropogenic aerosols is disputed.
[3] General circulation model (GCM) studies suggested that anthropogenic aerosols could influence monsoon precipitation patterns over South Asia [Ramanathan et al., 2005; Meehl et al., 2008] and East Asia [Menon et al., 2002] . Recent studies suggest that aerosols may affect precipitation patterns by decreasing the frequency of drizzle (cloud lifetime effect), while increasing the intensity of heavy, convective, rainfall via the "convective invigoration" hypothesis [Andreae et al., 2004; Andreae and Rosenfeld, 2008] . GCM studies of the direct and semi-direct effects of absorbing aerosols have found that widespread regional aerosol atmospheric heating may influence the precipitation patterns in the early part of the monsoon season over the Indian region [Lau et al., 2006; Randles and Ramaswamy, 2008] . Absorbing aerosols alter the spatial gradient in the atmospheric heating and this alteration may perturb the spatial distribution and timing of monsoonal rainfall in South Asia, with more rain in some regions and less in others [Menon et al., 2002] . Ramanathan et al. [2005] also found that aerosols (mainly black carbon and sulfate) might have played a major role in the regional-scale reduction of rainfall through the solar dimming and surface cooling effects, as sulfate directly scatters sunlight and both aerosols modify cloud reflectivity when acting as cloud condensation nuclei. In a GCM study, Lau et al. [2006] investigated elevated atmospheric heating by absorbing aerosols and the effects on the rainfall distribution of the monsoon system (the "elevated heat pump" hypothesis attributed to dust and black carbon) and found this to potentially increase precipitation in the early part of the summer monsoon season (May-June). Observational studies based on long-term tropospheric temperature trends showed a widespread warming trend over the Himalayan-Gangetic region and consequent strengthening of the land-sea thermal gradient that support the elevated heat pump hypothesis [Gautam et al., 2009; Lau and Kim, 2010] . However, an assessment using satellite aerosol retrievals did not support the strong "elevated" solar heating over the Tibetan Plateau region [Kuhlmann and Quaas, 2010] . It is thus not clear how aerosols influence the monsoon water cycle on seasonal-to-interannual time scales.
[4] Studies analyzing the trends in observed summer monsoon rainfall over the Indian region show spatial patterns with trends of different magnitudes and of both signs [Dash et al., 2009; Ghosh et al., 2009] . The frequency of occurrence of heavy-intensity precipitation events has been found to increase in the Indo-Gangetic Plain (IGP), while for northeastern India, a reduction of the frequency of occurrence of light or moderate precipitation has been reported [Dash et al., 2009; Goswami et al., 2006] . These trends have implications for society. An increase in heavy precipitation can lead to more and worse floods and landslides, while a decrease of light or moderate precipitation events, which frequently occur in different seasons, poses serious drought problems [Dash et al., 2009] . These trends are not only results from changes in large scale meteorological parameters, but may also be influenced by the changes in regional aerosol loading. These studies point out the necessity of aerosol-climate modeling studies for better understanding of aerosol-cloud-precipitation interactions. Especially over the Indian region, this could offer a better understanding of how technology and human actions, through emissions, impact atmospheric heating and precipitation patterns.
[5] The main aim of the present study is to assess the direct and indirect effects of anthropogenic aerosols on South Asian climate, with a focus on precipitation over the Indian region. The objectives of the present study are (a) understand the influence of anthropogenic aerosols on seasonal rainfall patterns using a general circulation model (the European Centre for Medium-Range Weather Forecasts (ECMWF) Hamburg model, ECHAM, version 5.5, extended by the Hamburg aerosol module, HAM), (b) investigate the effects of anthropogenic aerosols on aerosol loading, and (c) understand the influence of atmospheric large-scale circulation patterns on aerosol-induced precipitation changes over the Indian region (section 4.2.4). In this study, the simulations were not appropriate to gain insight into the actual time evolution of the aerosol loading and climate response to anthropogenic aerosol emissions. Transient changes in anthropogenic aerosols were not considered, rather, present-day anthropogenic aerosol emissions are kept constant at year 2000 level. Also, it should be emphasized that the present study only addresses anthropogenic aerosol effects on the mean climatology, rather than on weather effects. Experience shows that the 5 years considered are sufficient [Lohmann and Hoose, 2009 ] to obtain a good signal-to-noise ratio in the identification of climatic impacts since sea surface temperatures are prescribed.
[6] This paper is organized as follows. Section 2 describes the model, data sets, and analysis method. The simulation setup and aerosol emission inventory details are explained in section 3. The influence of anthropogenic aerosol emissions on aerosol loading and the climate effects are discussed in section 4. The main findings are summarized in section 5.
Methodology and Data Sets
[7] The ability of climate models to accurately simulate features of the Indian summer monsoon is crucial for building confidence in future model projections of precipitation response to climate forcing. Climate models that adequately reproduce observed temporal cycles in large-scale features (land-ocean temperature contrast/pressure gradient and wind circulation patterns) may have a higher degree of credibility in simulating anthropogenic precipitation perturbations [Kripalani et al., 2007; Annamalai et al., 2007] . Recent model intercomparison studies found that the ECHAM model (ECHAM5/Max Planck Institute Ocean Model (MPI-OM)) provided the closest agreement with the observed seasonal, annual, and interannual cycle and magnitudes of the Indian summer monsoon precipitation [Kripalani et al., 2007; Annamalai et al., 2007] . In addition, the ECHAM model reproduces well the observed El Niño-Southern Oscillationrelated SST variability, land-ocean pressure gradient, and the observed SST and rainfall connection [Kripalani et al., 2007; Annamalai et al., 2007] .
[8] The influence of anthropogenic aerosols on seasonal monsoon rainfall patterns was investigated using presentday (PD, 2000) and pre-industrial (PI, 1750) anthropogenic aerosol emission inventories. A new, regionally validated anthropogenic aerosol emission data set for PD emissions was used (section 3), with better model resolution of 180 km compared to previous studies (≥300 km) [e.g. Menon et al., 2002; Ramanathan et al., 2005] , more detailed cloud microphysics description (section 2.1), and a realistic mix of natural and anthropogenic aerosols (section 2.1). The model-simulated aerosol optical depth (AOD) and precipitation patterns were evaluated seasonally using satellite retrievals. A seasonal-mean trend analysis averaged for 5 years for the period 2001-2005 was performed for model-simulated aerosol distributions, radiative effects, atmospheric heating patterns, and monsoon precipitation.
Model Description
[9] Atmospheric simulations were made with the ECHAM5.5 GCM [Roeckner et al., 2003 ] with a horizontal resolution of T63 (about 1.8 Â 1.8 ) and a vertical resolution of 31 levels (extended from the surface to 10 hPa) combined with the aerosol module HAM [Stier et al., 2005] . The main components of HAM are the microphysical module M7, which predicts the evolution of an ensemble of seven internally mixed lognormal aerosol modes [Vignati et al., 2004] , an emission module, a sulfate chemistry scheme , a deposition module, and a radiative transfer module [Stier et al., 2005; Stier et al., 2007] to account for sources, transport, and sinks of aerosols as well as their radiative impact. The governing equations for mass and number concentrations in the respective size/solubility classes are solved for five aerosol components namely sulfate, black carbon (BC), organic carbon (OC), sea salt, and mineral dust. Emissions of sea salt are calculated by using the simulated wind speed at 10 m height, snow cover, SST, and sea ice cover. In the model, mineral dust emissions are calculated based on the online prognostic wind speed at 10 m height and the prescribed surface features of soils [Stier et al., 2005] . The anthropogenic emissions of SO 2 , BC, and OC are prescribed (see section 3).
[10] In the model, the convective and stratiform (largescale) precipitation is estimated separately through cumulus convection and large-scale precipitation parameterizations. For cumulus convection (shallow, mid-level, and deep), a bulk mass flux scheme [Tiedtke, 1989] is employed with modifications for deep convection according to Nordeng [1994] . The scheme is based on steady state equations for mass, heat, moisture, cloud water, and momentum for an ensemble of updrafts and downdrafts, including turbulent and organized entrainment and detrainment. Cloud water detrainment in the upper part of convective updrafts is used as a source term in the stratiform cloud water equations [Hagemann et al., 2006] . The microphysics for convective clouds follows the coarse parameterization by Tiedtke [1989] where no effects of aerosols are taken into account.
[11] The stratiform cloud scheme consists of prognostic equations for the water phases (vapor, liquid, and solid), two-moment cloud microphysics [Lohmann et al., 2007] , with aerosol effects on clouds taken into account for liquid-water clouds. The statistical cloud cover scheme has prognostic equations for the distribution moments [Tompkins, 2002] . The microphysics scheme includes phase changes between the water components (condensation/evaporation, deposition/ sublimation, and freezing/melting) and precipitation processes (auto-conversion, accretion, and aggregation). Moreover, the evaporation of rain and the melting of snow are considered, as well as the sedimentation of cloud ice [Hagemann et al., 2006] . The effect of aerosols on stratiform clouds is parameterized using a two-moment prognostic cloud microphysical scheme, which predicts both the mass-mixing ratio and number concentration of cloud droplets and ice crystals [Lohmann et al., 2007] . In this scheme, aerosols serve as cloud condensation nuclei for liquid-water clouds. No effect on ice clouds is included, since theoretical and modeling studies using the ECHAM5-HAM GCM have shown that homogeneous nucleation is dominant (at temperatures less than À38 C) , i.e., ice crystal concentrations are formed via this mechanism only.
Data Sets
[12] The daily Level 3 MODIS (collection V005) global 1 Â 1 gridded AOD at 550 nm from both Terra (approximate local overpass time at about 10.30 local standard time (LST)) and Aqua (overpass at 13.30 LST) satellites was averaged to obtain daily average and used to evaluate the model-simulated AOD. The daily accumulated 0.25 Â 0.25 rainfall product (beginning at 00Z and ending at 21Z) over the global tropics (40 N-40 S) from the Tropical Rainfall Measuring Mission (TRMM) was used to evaluate the model-simulated precipitation fields in this study. The rainfall measuring instruments on the TRMM satellite include the Precipitation Radar (PR), an electronically scanning radar operating at 13.8 GHz; the TRMM Microwave Image (TMI), a nine-channel passive microwave radiometer; and the Visible and Infrared Scanner (VIRS), a five-channel visible/infrared radiometer [Huffman et al., 2007] . The daily mean (03-03 Z, LST) rainfall data (0.5 Â 0.5 ) product [Rajeevan et al., 2006] provided by the Indian Meteorological Department (IMD) is also used to evaluate the model-simulated precipitation fields over the Indian region.
Simulation Setup and Approach
[13] In this study, the model simulations were performed with prescribed present-day climatological observed sea surface temperature (SST) and sea ice concentration (SIC) using the monthly varying Atmospheric Model Intercomparison Project (AMIP) data sets, and with prescribed present-day long-lived greenhouse gas concentrations, ozone, and land-surface properties. The simulations differ only in the emissions of anthropogenic aerosol and aerosol precursor gases (BC, OC, and SO 2 ). In the control run, the PI (1750) anthropogenic aerosol emission inventory is used, while in the experiment simulation the PD anthropogenic aerosol emissions are used (see Table 1 ). In both PD and PI runs, we performed nudged simulations, in which the model prognostic variables, namely vorticity, divergence, temperature, and pressure, were relaxed toward the ECMWF re-analysis data based on a Newtonian relaxation technique [Jeuken et al., 1996] . The relaxation time scales used for nudging in the prognostic equations are 48 h for divergence, 6 h for vorticity, 24 h for temperature, and 24 h for surface pressure. To analyze the effect of atmospheric circulation changes, an ensemble of three non-nudged simulations was also carried out for both PI and PD aerosol emissions. Three ensemble members were generated by slightly disturbing the model parameter (by slightly multiplying the coefficients for horizontal diffusion for divergence, vorticity, and temperature with a factor [14] In this study, the prescribed SSTs and SICs were used to isolate and examine the effects of anthropogenic aerosols on the atmospheric heating and precipitation patterns, without the complexity of a fully coupled oceanatmosphere model. By applying the observed SSTs as the lower boundary condition, most of the uncertainties associated with the lower boundary forcing (which may arise from the use of a mixed layer ocean or a fully coupled ocean model) do not come into picture. The feedback of SST changes to aerosol surface cooling was not considered in this study. This is to reduce the complexity in the effects of aerosols on precipitation patterns.
[15] Aerosol emissions, based on the AEROCOM emission inventory [Dentener et al., 2006] for the year 2000 are combined with regional emission inventories available over India [Reddy and Venkataraman, 2002; Venkataraman et al., 2005; Venkataraman et al., 2006] . The combined emission data set was used for residential, transport, industry, and agricultural residue burning emission sectors. AEROCOM global emissions of SO 2 for these sectors are from Cofala et al. [2005] and BC and OC global emissions are from Bond et al. [2004] . Global fire emission data (GFED) were used for forest burning emission sectors. Volcanic emissions of SO 2 are included [Andres and Kasgnoc, 1998 ]. Dust and sea salt emissions were calculated online [Tegen et al., 2002] using the ECHAM 10 m wind speed. The spatial resolution used for the emission data set matches the model's horizontal resolution (T63).
[16] Each simulation covers 5 years (2001) (2002) (2003) (2004) (2005) ) after a spin-up of 3 months to initialize aerosol fields. In this study, the seasons are defined based on the dominant aerosol types and emission sources. It is known that absorbing carbonaceous aerosols are mostly confined in the intermonsoon (or post-monsoon, October-November; ON), north-east (NE) monsoon (December-January-February; DJF) and the pre-monsoon (March-April-May; MAM) seasons over the Indian subcontinent. During DJF, biomass burning aerosols mainly result from wildfire and residential biofuel combustion over the Indian subcontinent [Venkataraman et al., 2006] . During MAM and ON, agricultural crop residues are burnt over the Indian subcontinent, which has significant impact on aerosol loading. Therefore, in this study, we have selected DJF as NE monsoon, MAM as pre-monsoon, and ON as inter-monsoon seasons. Based on this, four different seasons, i.e., NE monsoon, pre-monsoon, south-west monsoon (SW, June-JulyAugust-September; JJAS), and inter-monsoon seasons are selected for the analysis.
[17] The anthropogenic aerosol-induced change in AOD and precipitation is estimated as the differences between the experiment with the PD anthropogenic aerosol emissions and the PI anthropogenic aerosol emissions averaged for 5 years for the period from January 2001 to December 2005 (i.e., Δ = PD À PI). The clear-sky short-wave aerosol radiative forcing (ARF) at the top of the atmosphere (TOA) and the surface (SUR) is estimated as the change in net (downward minus upward) radiative fluxes, with and without the presence of aerosols in the atmosphere as
[18] The ARF within the atmosphere is estimated as the difference between the ARF at TOA and SUR. The short-wave aerosol indirect radiative effects or cloud radiative effects are computed as the difference between all-sky and clear-sky radiative fluxes. The surface indirect radiative forcing is defined in terms of net downwelling flux as
where F all-sky and F clear-sky denote the all-sky and clear-sky net downwelling short-wave radiation fluxes, respectively. The anthropogenic aerosol-induced direct and indirect radiative forcing is then defined as the difference in direct and indirect radiative effects, respectively, between the simulations with PD and PI anthropogenic aerosol emissions. 12) in the model compared to the satellite retrievals, but with a similar southwest-northeast gradient. The local maximum in AOD was previously observed from satellite retrievals [Di Girolamo et al., 2004; Ramachandran and Cherian, 2008] and ground-based observations . The predicted northeastern maximum is from high anthropogenic emissions (mainly for sulfate and OC; Figure 2 ). The contribution of fine-mode aerosols, such as sulfate and OC, to the predicted AOD is dominant during the NE monsoon period (Figure 2 ). During the pre-monsoon season, AOD patterns change substantially (0.1-0.15) over the Indian subcontinent from an enhancement in dust loading (Figures 1 and 2 ). This is consistent with the findings from previous studies Ramachandran and Cherian, 2008; Gautam et al., 2011] . High AOD is found over the IGP and CNI regions (Figure 1 ), but underestimated in magnitude by the model (mean bias = À0.1). The model shows a local minimum in the north-western Indian (NWI) region, where the satellite retrievals show moderate AOD values. A large influx of desert dust from the western arid and desert regions of Arabia, Africa, and Thar (Rajasthan) enhances the dust loading over these regions during the pre-monsoon season Dey and Girolamo, 2010] , and this dust influx may be underestimated by the model [Cherian et al., 2012] , most likely from inaccurate representation of soil erodibility factor and soil moisture. Nevertheless, the model shows that the dust contribution to total AOD is high (30-40%) during the pre-monsoon period over the IGP and NWI regions (Figure 2 ). In addition to dust, SO 4 and OC show a significant contribution to total AOD over a large part of the Indian subcontinent ( Figure 2 ). These observations are consistent with the fact that anthropogenic aerosols also contribute significantly to AOD along with dust aerosols over these regions [Dey and Girolamo, 2010] . It is also known that, in addition to dust storms, open biomass burning peaks during the pre-monsoon season over these regions [Vadrevu et al., 2011; Venkataraman et al., 2006] .
Results and
[20] In the monsoon season, high AOD values are found over the IGP, NWI, and CNI regions (Figure 1 ), consistently in model and satellite retrievals (mean bias = 0.04), albeit too far south-west in the GCM. This maximum arises because of an enhanced transport of dust aerosols from desert regions of Arabia, Africa, and Thar (Rajasthan), and also of sea salt from the ocean (Figure 2 ). The AOD composition was found to be dominated by dust aerosols, followed by sulfate, OC, and sea salt aerosols during this season (Figure 2 ). It should be emphasized that during the SW monsoon months, it is cloudy and retrieval of MODIS AODs could be affected by the cloud cover. The intense cloud cover also leads to limited number of days of MODIS AOD retrievals during this period [Ramachandran and Cherian, 2008] . Potential retrieval artifacts, however, cannot be taken into account in the model. In the model, it may be noted that simulated AOD is computed from clear-sky relative humidity. Therefore, as a cautionary note, good agreement between model-simulated and satelliteretrieved AODs during SW monsoon season may not entirely be substantiated. During the inter-monsoon season, high AODs are found over the northern parts of the IGP (Figure 1 ), but underestimated in magnitude by the model (mean bias = À0.05). The composition of total AOD was dominated by sulfate followed by OC and BC aerosols during this season ( Figure 2 ). It is known that agricultural residue and biofuel burning emissions dominate the aerosol emissions during this season [Vadrevu et al., 2011; Bond et al., 2004; Venkataraman et al., 2006] .
[21] In summary, seasonal and spatial variability of the model-simulated AOD broadly captures the MODISretrieved variability over the Indian region. In particular, the model-simulated AOD was well simulated during the SW monsoon and inter-monsoon seasons (with a certain geographical displacement), but significantly underpredicted locally by up to a factor of 2 during the NE monsoon because of the uncertainties in regional emission inventories and dust emission fluxes [Cherian et al., 2012] . It has been shown that premonsoon aerosol-induced atmospheric heating may enhance the early part of the SW monsoon rainfall over the Indian region [Lau et al., 2006; Randles and Ramaswamy, 2008] . The model-simulated AOD slightly underestimates (by a factor of 1.1-1.25) the retrieved AOD over the IGP (temporal correlation coefficient of model AOD versus MODIS AOD is 0.85) during the SW monsoon season, while it slightly overestimates the AOD over the CNI by a factor of 1.25-1.5, which leads to a maximum AOD over these regions. The overestimation of AOD is likely due to the contribution of aerosol hygroscopicity of water-soluble aerosols (sulfate) over these regions. The other factors leading to AOD differences could be related to the difficulty in satellite retrievals of AOD in the monsoon season with large cloud cover. During the pre-monsoon season, the model underestimates the AOD mainly over the IGP, which results from an underestimation of dust emission fluxes over these regions [Cherian et al., 2012] . Similar AOD underestimations were also reported in previous model estimations [Kinne et al., 2003] .
[22] The broad regional differences of AOD patterns over the Indian subcontinent depend on the anthropogenic (sulfate and OC) and natural (dust) emission sources, but the seasonal variation within the region depends significantly also on the meteorology (dust transport or relative humidity (RH)). Besides, the maximum underestimation of AOD (0.1-0.2 in absolute units) occurring in the NE monsoon season suggests that the problem is not mainly caused by RH biases or hygroscopicity of aerosols in the model (Figure 1 ). The AOD differences could also be related to production and removal of aerosols in the model. But the same discrepancy occurring in most of the aerosol-climate models using different aerosol microphysics suggests that the removal of aerosols is not the primary cause of this problem. Therefore, the noted differences between model-simulated AOD and MODIS AOD are largely caused by the problems associated with the poor characterization of dust sources over this region [Cherian et al., 2012] as well as the uncertainties in the anthropogenic aerosol emission inventories. The underestimation of AOD in the model could also be related to the effect of lowresolution topography, which is smoothed out in the model (180 km resolution) Gautam et al., 2011; Prabha et al., 2012] . 4.1.2. Single Scattering Albedo (SSA)
[23] The response of aerosol effects on regional climate strongly depends on the SSA along with the AOD values. Uncertainties in the simulated SSA may change the sign of aerosol radiative effects and thereby precipitation changes. Here, the model-simulated SSA is evaluated using published Sun photometer observations ( Table 2 ). The SSA at wavelength 550 nm in the ECHAM5.5-HAM model PD simulations is 0.85-0.90 over the IGP and the CNI region ( Figure S2 ), which agrees reasonably well with previously reported SSA values [Pandithurai et al., 2008; Singh et al., 2004; Jethva et al., 2005; Ganguly et al., 2005; Dey and Tripathi, 2008; Gadhavi and Jayaraman, 2010; Gautam et al., 2011] . The model is also able to reproduce the seasonal-mean SSA patterns with the reported values over the northern Indian region (see Table 2 and Figure S2 ). This includes low SSA (0.75-0.85) over north India during the NE monsoon period and high SSA (0.92-0.98) during the SW monsoon period, which is consistent with the observed values (Table 2) . However, there are differences in SSA between model and observations, which could be associated with the uncertainties in BC and dust emissions, microphysical transformation, and sinks, and likely with errors in the optical properties used in the model for the individual aerosol species. The close agreement between modelsimulated SSA with the observed SSA values provides confidence in the simulated PD aerosol solar absorption and the aerosol internal mixing simulated by the model.
[24] In addition to this, the atmospheric heating response strongly depends on the vertical distribution of aerosols. A recent study showed that ECHAM5-HAM model-simulated extinction profiles agree well with profiles derived by the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO; RMSE 0.21 and correlation coefficient 0.71 for 0-6 km altitude ranges) [Koffi et al., 2012] , which provides greater confidence in model-simulated vertical distribution of aerosols.
Precipitation
[25] In this section, the spatial distribution of modelsimulated seasonal-mean precipitation patterns is evaluated against IMD precipitation and TRMM satellite-derived precipitation fluxes during [2001] [2002] [2003] [2004] [2005] (Figure 3) . The TRMM rainfall values broadly agree (R % 0.8-0.9) with IMDobserved rainfall values in all seasons (Figure 3) . The spatial distribution of mean model-simulated precipitation (mm/day) broadly captures (R % 0.5-0.8) both the IMD-observed and TRMM satellite-retrieved rainfall patterns over the Indian region in all seasons, while the magnitude of rainfall is not predicted accurately. More than 75% of the annual modelsimulated rainfall over the Indian subcontinent occurs during the SW monsoon season (i.e., June-September; Figure 3 ), as reported in previous studies [Dash et al., 2009] . The major rainfall belt associated with the Indian summer monsoon, including the belt extending from west-northwestward across the IGP to the head of Bay of Bengal, the equatorial Indian Ocean belt, and the belt at the western Ghats along the west coast of the peninsula [Gadgil and Sajani, 1998 ] is broadly well simulated, while the orographic rainfall belt near the northern IGP is lacking (Figure 3) . The model is able to reproduce high rainfall events over the north-east Himalayas during the SW monsoon season. In addition, the model is also able to capture the coastal (west and east) precipitation, but it underestimates the inland precipitation, especially over the south Indian regions, compared to IMD observations (Figure 3 ). There are discrepancies between the spatial distribution of rainfall simulated by the model and the observations (mean bias = À2.7), especially over northern India and the NWI region, during the SW monsoon season. This is likely due to the simulation of too low orographic rainfall over the northern Indian region (Figure 3 ). In GCMs, the simulation of precipitation, especially high precipitation events, relies on parameterizations, such as cumulus convection and large-scale condensation. Thus, in general, inaccuracies could arise in precipitation magnitudes simulated by atmospheric GCMs [Gadgil and Sajani, 1998 ], even though large-scale monsoon features are preserved in ECHAM [Annamalai et al., 2007] . However, the interseasonal variability is clearly visible in the model-simulated rainfall distribution over the Indian region (Figure 3) .
[26] Zonal-mean rainfall (mm/day) is simulated reasonably well in two different seasons (NE monsoon (bias = À0.07), and inter-monsoon (bias = À0.3) season) and broadly (bias = À0.7) during pre-monsoon season ( Figure  S3 ). Convective rainfall was found to be dominant over south and central Indian regions, while large-scale precipitation dominates over the northern Indian regions ( Figure S3 ). It is known that a significant fraction (65%-75%) of total precipitation in the models originates from convective events rather than stratiform events in the tropics [Dai, 2001; Tost et al., 2006] . TRMM retrievals in the South Asian summer monsoon suggest that 46% of the precipitation stems from stratiform clouds and 44% from convective clouds, with the remaining 10% classified as neither stratiform nor convective in the observations [Romatschke and Houze, 2011] . The model-simulated zonal-mean rainfall shows that rainfall in the western regions (low total precipitation) is almost exclusively convective, while rainfall in the eastern Himalayan (higher total precipitation) is heavily stratiform during the SW monsoon season ( Figure S3 ), which is consistent with findings from TRMM data over South Asian region [Romatschke and Houze, 2011] . During the SW monsoon season, the magnitude of zonal-mean rainfall was not predicted accurately; the rainfall values are underestimated by a factor of 2-3 ( Figure S3 ). In the SW monsoon season, high rainfall was found over the CNI and NEI regions (Figure 3 ). Modelsimulated zonal-mean rainfall is especially underestimated (by a factor of 2-3) over the latitudinal band of 19 N-25 N, where the model shows about equal contributions by both convective and large-scale rainfall values ( Figure S3) . The magnitude of model-simulated zonal-mean rainfall, on the other hand, agrees much better with observations (both in situ and satellite) over the latitudinal band of 27 N-30 N, which is dominated by large-scale precipitation. The high rainfall over these latitudinal belts, particularly over the Himalayan foothills, is attributed to orography. It is known that TRMM captures the pattern of orographic rain seen in the IMD data but consistently underestimates the rainfall amounts, which is consistent with our findings ( Figure S3 ). In summary, the model broadly captures the observed seasonal rainfall variability both in magnitude and spatial distributions over the Indian region during the 2001-2005 period, with some underestimation in absolute values, in particular in summer (SW monsoon season).
[27] We find that we may have confidence in the simulation of the spatiotemporal variability of model AOD and precipitation, but with some caution on the absolute values. For the subsequent analysis of the anthropogenic contribution, this implies that spatial patterns of signals may be more reliable than the absolute magnitudes.
Anthropogenic Aerosol Emissions Induced Variability
[28] In this section, the sensitivity of the climate response over the Indian subcontinent to anthropogenic aerosol emissions is evaluated and discussed. In the following analysis, we focus on the differences between the experiment with the PD and PI anthropogenic aerosol emissions, averaged for 5 years for the period from January 2001 to December 2005 (i.e., Δ = PD À PI).
Aerosol Optical Depth
[29] A statistically significant (95% confidence level) change (PD-PI) of the order of 10-20% in seasonal-mean AOD was found from the enhanced anthropogenic emissions over the Indian subcontinent in all four seasons (Figure 4) . The model-simulated AOD values increased by about 0.1-0.25 (in absolute values) during the biomass burning season (NE monsoon) over the IGP, CNI, and south India regions (Figure 4 ). In the pre-monsoon season, the highest changes in AOD (0.15-0.2) are found over the highly populated and industrialized regions (IGP and CNI), and extending over the east coast into the continent, with a marked northwestsoutheast gradient. In the SW monsoon season, the largest changes in AOD (>0.2) are found over CNI and some parts of the IGP regions. A similar increase in AOD is simulated over the IGP and NWI regions during the inter-monsoon season (Figure 4) . Somewhat smaller changes are found in the NE monsoon and pre-monsoon season than in SW monsoon season over the CNI region (Figure 4 ). This is due to the contribution of water soluble aerosols (sulfate) through aerosol hygroscopic growth over these regions. [30] Based on MODIS retrievals, recent studies found increasing AOD trends (>10%) over the southern and central parts of the Indian subcontinent [Alpert et al., 2012] . Because of the mixing of aerosols by natural and anthropogenic sources, satellite measurements cannot distinguish whether these trends resulted from changes in natural or anthropogenic aerosols. However, assuming that, on average, long-term changes in natural aerosols are relatively small compared to those in anthropogenic aerosols, the observed increasing trends may be attributed to changes in anthropogenic aerosols [Alpert et al., 2012] . It should be emphasized that these trends are derived from very short time scales and highly uncertain.
Aerosol Direct Radiative Forcing
[31] The changes in model-simulated clear-sky short-wave radiation fluxes are analyzed at the top of the atmosphere (TOA), at the surface (SUR), and within the atmosphere (ATM) to quantify the seasonal differences in the anthropogenic aerosol-induced changes in atmospheric heating and surface cooling patterns over the Indian subcontinent ( Figure 5 ). The changes (PD-PI) in clear-sky direct aerosol forcing at the TOA ranges from À0.17 (pre-monsoon) to À0.92 W m À2 (inter-monsoon) over the Indian subcontinent (Table 3 ). The increase in clear-sky atmospheric absorption (by up to 6-9 W m À2 in the seasonal-mean) can be attributed mainly to the enhanced absorption aerosol optical depth over the Indian region (Figure 2 and Figure S4 ). The seasonalmean clear-sky radiative forcing at the surface shows a significant cooling (À6.9 to À9.9 W m À2 ) over the Indian region (Table 3 ). The changes in the clear-sky solar radiation at the surface are to a large extent the mirror image of the changes in absorption within the atmosphere, rather than increased sunlight reflection at the TOA, similar to the results of previous studies . Statistically significant regional changes in atmospheric forcing are simulated for the NWI (4.7 to 9.1 W m ) regions because of enhanced BC aerosols (Figure 2 ) mainly arising from biofuel burning, crop-residue burning, and forest burning sectors. Venkataraman et al. [2006] show that BC aerosols are mainly (>80%) produced from the biofuel, forest, and crop-residue burning emission sectors over these regions.
[32] High surface cooling effects (À11.2 to À16.5 W m , which is close to our model results. These trends are, in general, broadly comparable with the reported clear-sky solar dimming over the Indian region [Soni et al., 2012] and with the regional solar radiation trends estimated from Modern Era Retrospective-analysis for Research and Applications (MERRA) data presented by Urankar et al. [2012] . The surface cooling effect shows a maximum during the NE monsoon season. While inter-monsoon season precedes the atmospheric warming peak over the entire north Indian region, except in the NEI region (Figures 5e and 5f ). This is because the winter has a more stable boundary layer and thus enables the surface to respond more to surface forcing than in pre-monsoon and monsoon season when the surface is climatologically warmer (Figure 5c ) and boundary layer mixing is more deeper and active [Chung and Ramanathan, 2004] . It is also known that absorbing carbonaceous aerosols are mostly confined within the shallow boundary layer in the inter-monsoon and NE monsoon seasons over the Indian subcontinent [Tripathi et al., 2005] . The short-wave clear-sky aerosol radiative forcing from enhanced anthropogenic aerosol emissions between PI and PD levels over the Indian region is substantial. The main contributor to atmospheric aerosol absorption is BC emissions, which have increased by a factor of 8 over the Indian region ( Figure S5a ). The emissions of anthropogenic SO 2 , the precursor gas to the scattering sulfate aerosols, increased by a factor of 10, while the emissions of OC have had a smaller increase with a factor of 2-3 ( Figures S5b and S5c) . The PD OC emissions show gradual 
Aerosol Indirect Effects
[33] Aerosol indirect radiative effects, defined here as cloudy-sky change in radiative fluxes (see section 3), are now examined to understand the indirect aerosol effects on the radiation budget resulting from the PD anthropogenic aerosol emissions. It is found that the indirect radiative effects both at the TOA and the surface are up to À8 W m À2 over the CNI regions in both nudged and the ensemble mean of the non-nudged simulations, but much smaller otherwise, and with only negligible absorption within the atmosphere (Figure 6 ). This reflects the total aerosol indirect effects, by which increased concentrations of cloud condensation nuclei (CCN) result in increased concentrations of cloud droplets, and subsequently an enhancement in cloud albedo [Twomey, 1977] . It is known that aerosol indirect forcing over Indian region during summer monsoon can range from À4.2 to À14 W m À2 .
[34] Interestingly, the indirect radiative effects at the TOA exhibit statistically significant, quite different, trends between the nudged and non-nudged simulations (Figures 6a and 6b) . In the non-nudged simulation, indirect radiative effect shows positive statistically significant flux differences in the NWI region, while in the east-coast area, there are negative fluxes. This feature is replaced by a large negative flux area, but no positive statistically significant flux, in the nudged simulation. This indicates that such a dipole feature is very sensitive to the perturbations to the large-scale atmospheric circulation features, which are constrained in the nudged simulation.
[35] However, changes (PD-PI) in the long-wave (LW) absorption from tropospheric anthropogenic aerosols arising from CCN are found to be very small compared to the shortwave component and not statistically significant (not shown). This is consistent with the findings from previous studies . The LW cloudy-sky radiative forcing, which was closely connected to high clouds, shows much smaller differences between PI and PD.
Precipitation
[36] The seasonal-mean change (PD-PI) in total precipitation is negative over most of the Indian subcontinent, but generally small (À0.5 to À1.5 mm d
À1
). Precipitation changes are found to be statistically significant (95% confidence level (Figures 6a, 6c, and 6e) , while the right column shows the ensemble mean of the three non-nudged simulations (Figures 6b, 6d, and 6f ).
based on a Student's t test analysis) only for SW monsoon season, and only over the CNI region (Figure 7) . Only the SW monsoon season changes (PD-PI) in precipitation are discussed here because these changes in the other three seasons are not found to be statistically significant at the 95% confidence level anywhere on the continent. The decrease in SW monsoon rainfall over the CNI corresponds well to the observed rainfall trends from 1951 to 2003 by Ghosh et al. [2009] . However, some of the finer regional features seen in the observed rainfall trends are not captured in the model which may be due to low model horizontal resolution (180 km). Also, because of the model setup, changes near the coasts in the simulation are limited since the prescribed SST boundary conditions remain the same in both PD and PI simulations.
[37] To understand the influence of temporal changes in aerosol forcing on precipitation (influence of selection of seasons on the conclusions), the rainfall trends are examined during bi-monthly averaged periods. The analysis is carried out now in six periods: (1) January-February, (2) March-April, (3) May-June, (4) July-August, (5) September-October, and (6) November-December. The nudged experiments are used for this analysis. A statistically significant decreasing precipitation change is found only during the July-August period (region inside the black square indicates the statistically significant changes at 95% confidence interval; Figure S6d ). It indicates that a 2 month average precipitation also captures most of the statistically significant precipitation trend observed during seasonalmean (JJAS) analysis over the CNI region. However, seasonal analysis improves the statistical significance of the simulated precipitation trends over the CNI region during the SW monsoon season (Figure 7) . Rainfall trend studies using seasonal (JJAS) mean have showed that the monsoon rainfall has weakened or decreased in the last 50 years over the central-north India region [Dash et al., 2009 ; Ghosh (Figure 7a) , while the right column shows the ensemble mean of the three non-nudged simulations (Figure 7b ). Only regions where the differences (PD-PI) are statistically significant at the 95% confidence level were shaded in the bottom panel (Figures 7c and 7d) . Only the SW monsoon season is shown because changes in the other seasons are not found to be statistically significant at the 95% confidence level anywhere on the continent. Lau and Kim, 2010] . Parsing precipitation trends into bi-monthly periods allowed identification of separate positive trends (increase) in May-June in the north-western regions and negative trends (decrease) in the central and southern regions, which is consistent with the findings from previous studies [Lau and Kim, 2010] .
[38] In the nudged simulations, the large-scale meteorology was constrained toward re-analysis data. It is thus interesting to further investigate whether additional changes occur if the model is free to run in climatological mode with prescribed SST and SIC. For understanding the atmospheric circulation impacts on anthropogenic aerosol-induced precipitation changes, ensemble mean of the three non-nudged simulations is used. These free simulations also show a statistically significant (at the 95% confidence level) decreasing precipitation trend over the CNI region (Figure 7) , but of larger intensity, and with a broader geographical extent. In addition, small increasing trends are found over the north-western part of the IGP region in the free simulations. This slight increase in precipitation is consistent with the trends analysis in the observed rainfall during 1951-2003 by Ghosh et al. [2009] . The anthropogenic aerosol-induced changes on monsoon precipitation are more prominent in the non-nudged simulations compared to that from the nudged simulations. Such a slight difference in results is expected due to the difference in the large-scale atmospheric dynamics between the two simulations. However, this difference in the response of precipitation between the nudged and non-nudged simulations is only small, which is similar to the findings from previous studies [Lohmann and Hoose, 2009] . To examine the decreasing trend of total precipitation further, the convective and large-scale precipitation anomalies (PD-PI) were analyzed separately during the SW monsoon period. The model shows that changes in convective precipitation drive the decreasing trend in total precipitation (Figure 8 ). The stratiform precipitation shows statistically insignificant trends (not shown) over the Indian region during this period.
[39] The "cloud lifetime effect" on stratiform clouds is associated with a higher amount of cloud water from increased anthropogenic aerosol emissions. This is because an increase in anthropogenic aerosol concentration leads to the formation of large amount of smaller-sized super-cooled cloud droplets that reduce the formation of rain drops and enhance the residence time of cloud water [Lohmann and Feichter, 1997] . This effect is parameterized in the GCM and leads to the enhancement of cloud water in the CNI region (Figure 9a and 9e). It was found that the increase in anthropogenic aerosol emissions since the beginning of the industrialization has caused a reduction in solar radiation at the surface (solar dimming) and a decrease in precipitation in the tropical regions, particularly in regions with large aerosol loads [Feichter et al., 2004; Roeckner et al., 2006] .
[40] To examine further the forcing mechanisms leading to the surface cooling, the influence of enhanced anthropogenic aerosol emissions on stratiform cloud droplet number concentration (CDNC) burden (m
À2
) is analyzed during the SW monsoon ( Figure 10 ). This is computed as the difference between PD and PI simulations, and positive values, as shown in red, correspond to the expected increase in CDNC with enhanced anthropogenic aerosol emissions (Figure 10) . A thorough evaluation of the cloud microphysics scheme used in the ECHAM5-HAM model was carried out by Lohmann et al. [2007] who found that the simulated column CDNC agrees well with satellite retrievals. Here, a large increase in CDNC was found over CNI region, which mainly results from the large increase in sulfate aerosols. Increase in CDNC then further leads to less coalescence efficiency in the model simulation (parameterized using the autoconversion formulation of Khairoutdinov and Kogan [2000] ) and thereby increasing cloud lifetime and hence increased surface aerosol indirect forcing over the CNI region. Figure 8 . Spatial distributions of model-simulated seasonal-mean change (PD-PI) in convective precipitation (mm/day) due to anthropogenic aerosol emissions over the Indian subcontinent during the SW monsoon period (2001) (2002) (2003) (2004) (2005) . The left column shows the nudged simulations (Figure 8a) , while the right column shows the ensemble mean of the three non-nudged simulations (Figure 8b ). Only regions where the differences (PD-PI) are statistically significant at the 95% confidence level were shaded.
[41] In the simulations, a strong radiative cooling of the surface is simulated over much of the Indian subcontinent resulting from the direct aerosol effect. For the indirect effect, in the nudged simulation, the surface cooling is particularly strong over the CNI region, where a decreasing precipitation trend is found. These surface cooling effects (solar dimming) in the simulation may thus be considered the main drivers of the reduction in precipitation. It is worth noting that the "cloud lifetime effect" does not directly reduce accumulated precipitation, but rather adds to the effect via radiation. In the simulations, this is manifested in the result that the reduction in total precipitation is mostly from the reduction in convective precipitation which is not directly affected by the cloud lifetime effect in the model, but rather influenced via changes in radiation.
[42] Surface evaporation rate (kg m À2 d
À1
) anomalies (PD-PI) were found to be negative during the SW monsoon period due to enhanced anthropogenic aerosol emissions and subsequently reduced surface solar radiation (Figures 9c and 9g) . Decreases in surface evaporation (0.05-0.15) were found in regions (CNI region) where the maximum changes in AOD are simulated during the SW monsoon season (Figures 9c  and 9g) . At the surface, there is a balance between radiation, evaporation (latent heat flux from the surface to the atmosphere), sensible heat flux, and heat conduction into the solid Earth. One or all of these components will decrease to compensate for the reduction in surface solar radiation. The absorbed solar radiation at the surface was mainly balanced by evaporation, and it is thus concluded that a major fraction of the reduction in surface solar radiation ( Figure 5 ) is balanced by a reduction in evaporation. This reduction then leads to a reduction in convection and convective rainfall and effectively locally spins down the hydrological cycle. As evaporation change has to balance with precipitation on a global scale, a reduction in evaporation (latent heat flux) leads to a reduction in rainfall over the CNI region. However, an increase in evaporation in the non-nudged simulation , 9c and 9g) and lower tropospheric stability (LTS, 9d and 9h) and lower tropospheric stability (LTS, 9d and 9h) during the SW monsoon period (2001) (2002) (2003) (2004) (2005) . Only regions where the differences (PD-PI) are statistically significant at the 95% confidence level were shaded. The top panel shows the nudged simulations, while the bottom panel shows the ensemble mean of the three non-nudged simulations. ( Figure 9g ) leads to an increase in precipitation over the northwestern part of the IGP region (Figures 7 and 8) . Cloud ice content (g m À2 ) was also found to be slightly decreased over CNI region (Figures 9b and 9f) . This is likely due to the reduced convective activity and the reduced transport of water to the upper atmosphere.
[43] In order to better understand the causes for the precipitation reduction simulated in the GCM, and in particular the stronger reduction in the free simulation, where the indirect forcing is found to be a less clear driver of the precipitation effect, we analyze the seasonal-mean lower tropospheric stability (LTS = θ 700hPa À θ sfc ), which is defined as the difference in potential temperature (θ) between the 700 hPa level and the surface [Klein and Hartmann, 1993; Medeiros and Stevens, 2011] anomalies (PD-PI; Figure 9d and 9h). In the nudged simulations, very small, statistically insignificant changes (PD-PI) are found in LTS (i.e., temperature at surface and 700 hPa levels) over the CNI region. The small LTS change found in the nudged simulations is expected since temperatures are constrained (Figure 9d ). In the nudged simulation, a reduction in evaporation leads to a rainfall reduction over the CNI region. In contrast, in the free simulation, a stabilization of the lower troposphere is simulated over the CNI region (Figure 9h ). This stabilization in the non-nudged simulations can be attributed to the less solar radiation in the boundary layer due to enhanced CDNC and cloud liquid water (Figure 9e) , and the simultaneous cooling of the surface by atmospheric extinction because of the enhanced PD anthropogenic aerosol emissions ( Figure 5 ). This stabilization is the reason for the slightly higher precipitation reduction in the free simulations compared to that in nudged simulations, despite the pattern being slightly different from the precipitation change pattern. Here, as a cautionary note, we would like to point out that the inclusion of cloud layer in the LTS calculations may have some influence on the simulated changes in the stability during cloudy-sky days.
[44] Recent modeling studies found that absorbing aerosol (BC) forcing tends to overcome the stabilizing effect resulting in increased precipitation in the early part of SW monsoon season [Menon et al., 2002; Lau et al., 2006; Randles and Ramaswamy, 2008] . In these studies the aerosols were prescribed, based on off-line calculations, for estimating the radiative forcing using the model radiation code and then used to understand the climate response. This approach has been used widely but is not guaranteed to generate an accurate aerosol radiative forcing because it does not account for potential feedbacks-in particular, wet scavenging of aerosol by precipitation-between the forcing and the response. Meehl et al. [2008] also found that BC aerosol forcing increased the precipitation during the pre-monsoon season and produced decreased rainfall during the monsoon season over India in their model. In our study, an interactive online aerosol module with more complex and more realistic aerosol microphysics [Stier et al., 2005] and a two-moment cloud microphysics scheme on stratiform clouds [Lohmann et al., 2007] are used to examine the local anthropogenic aerosol forcing response on monsoon precipitation. Therefore, we believe that our findings, which are in part contrary to earlier findings based on absorbing aerosols, are more realistic because they account for the aerosol mixing and its influence on atmospheric extinction (both scattering and absorption) as well as accounting for the potential feedbacks between the forcing and the response. Our findings with regard to the response of convective precipitation to anthropogenic aerosols are broadly consistent with the findings from Wang et al. [2009] , where both approaches used prognostic aerosol microphysics treatment for the analysis, while the aerosol indirect radiative effect and cloud microphysics treatment are different.
Conclusions
[45] Anthropogenic aerosol-induced changes in aerosol loading and their direct and indirect radiative effects on the south-west monsoon precipitation were examined over the Indian subcontinent during January 2001 to December 2005 using the ECHAM5.5-HAM model. In a first step, the model is evaluated using satellite retrievals. The model-simulated AOD at 550 nm broadly captures the spatial (distribution patterns) and temporal (interseasonal) variability over the Indian subcontinent. However, absolute magnitudes and some details of the variability are not well simulated. Similarly, both the spatial distribution and seasonal cycle of the simulated precipitation broadly capture the IMDobserved and TRMM satellite-retrieved distributions. In terms of absolute magnitude, the model underestimates precipitation particularly in the SW monsoon season. These findings imply that the characteristics of the AOD and precipitation change induced by anthropogenic aerosols may be simulated realistically, while the absolute magnitude of effects may still be somewhat questionable.
[46] The seasonal-mean anomalies (present-day(PD)-preindustrial(PI)) in AOD and its climate effects were computed as the differences between an experiment with the PD anthropogenic aerosol emissions and an experiment with PI anthropogenic aerosol emissions, averaged for 5 years for the period from January 2001 to December 2005 (i.e., Δ = PD À PI). The enhancement in PD anthropogenic aerosol emissions is reflected in the changes in total midvisible (550 nm) AOD, including its seasonal variations particularly in the Indo-Gangetic Plain (IGP) and central-north India (CNI) regions. Increased anthropogenic activities lead to changes in biofuel emissions (domestic fuelwood and agriculture burning) and industrial emissions, leading to the seasonal enhancement in AOD values by about 0.1-0.25 (in absolute values) over India. The enhanced anthropogenic aerosol emissions reduced the solar flux to the surface (through atmospheric extinction, where absorption is more important than scattering, and through the "indirect effect" via cloud microphysics). The increase in CDNC, cloud liquid water, and cloud cover leads to less solar radiation in the boundary layer, which, in combination with the surface cooling, tends to stabilize the troposphere below the aerosol layer over the CNI region. The model simulates significant changes (PD-PI) in clear-sky surface net solar radiation (dimming by more than À7 W m À2 ), which agrees well with observed trends over the Indian region. This solar dimming effect of anthropogenic aerosols through atmospheric extinction leads to strong surface cooling and atmospheric warming over the high aerosol loading regions (over IGP and CNI) . A statistically significant surface cooling effect (greater than À10 W m
À2
) is simulated by the model from enhanced PD anthropogenic aerosol emissions over the Indian subcontinent. The low-altitude surface cooling is caused primarily by the increase in the BC absorption of solar radiation. Interestingly, the radiative effects during cloudy-sky conditions exhibit statistically significant, quite different, trends between the nudged and non-nudged simulations. This indicates that such features, especially at the TOA fluxes in the NWI region, are very sensitive to the perturbations to the large-scale atmospheric circulation features, which are constrained in the nudged simulation.
[47] Statistically significant decreasing surface precipitation from the enhanced anthropogenic aerosol emissions (PD-PI) is simulated only for the SW monsoon season over the CNI region. This simulated trend is consistent with observed rainfall trends since the mid-20th century. In the model, this decrease is dominated by a decrease in convective rather than stratiform precipitation. Similarity of spatial patterns suggests that the surface cooling forcing by mainly the aerosol indirect effect is responsible for this reduction in convective activity. When large-scale dynamics changes are allowed in an ensemble of non-nudged model simulations, the aerosol absorption in addition leads to a further stabilization of the lower troposphere, further reducing convective precipitation.
[48] The indirect aerosol effect generates surface cooling and lower solar radiation in the boundary layer due to enhanced stratiform CDNC, cloud liquid water, and cloud cover, which, together with atmospheric heating due to aerosol absorption, lead to an increase in lower tropospheric stability and subsequently to convective precipitation inhibition over the CNI region. Stronger surface cooling from aerosol indirect forcing along with direct aerosol forcing resulted in precipitation reduction over the CNI region during the SW monsoon season.
[49] Our study suggests that increased emissions of anthropogenic aerosols in PD cause a reduction in mean summer monsoon precipitation over the CNI region. Our analysis of the precipitation responses to aerosol radiative effects suggests that most of the precipitation reductions are caused by aerosol indirect aerosol effect, which generates surface cooling and lower solar radiation in the boundary layer due to enhanced stratiform CDNC, cloud liquid water, and cloud cover. Stronger surface cooling along with increased stability led to rainfall reduction over the CNI region. Our study, therefore, suggests that anthropogenic aerosols likely influence the hydrological cycle through significant cloud changes, increased stability, and reduced evaporation.
[50] Our study does not include a two-moment convective cloud microphysical scheme and related interactions with dynamical processes and precipitation. Early attempts to bring the two-moment microphysical scheme into convective parameterization of ECHAM5-HAM showed that increased CDNC led to a suppression of convective precipitation over the high aerosol loading regions (i.e., tropics) [Lohmann, 2008] .
[51] In summary, the model simulates a widespread and substantial change in column aerosol concentration results from PD anthropogenic emissions, which lead to a widespread and strong surface cooling, consistent with observed trends. Significant cloud changes via indirect effects are confined to a smaller region in CNI, where a strong surface forcing is exerted in the SW monsoon season. A signal in precipitation is found only over CNI region, only in the SW monsoon season. This signal is consistent with observed trends. This precipitation reduction is from a reduction in convective precipitation. It is linked mainly to the surface cooling, and further substantially enhanced by the stability of the atmosphere through changes in CDNC, cloud water, and cloud cover.
